Braking of mackerel, cod and saithe is analysed from high speed cine films. The body of the fish is curved, the pectoral fins are extended to a varying degree. In cod and saithe the dorsal and anal fins are curved. The role of the pelvic fins could not be studied in the available film sequences.
SUMMARY
Braking of mackerel, cod and saithe is analysed from high speed cine films. The body of the fish is curved, the pectoral fins are extended to a varying degree. In cod and saithe the dorsal and anal fins are curved. The role of the pelvic fins could not be studied in the available film sequences.
The instantaneous velocities and decelerations were calculated. The maximum possible contribution to the braking force by the pectoral fins is discussed for the moments of highest deceleration. The pectorals, if fully extended perpendicular to the body and in a vertical position, cannot contribute more than about 30% of the braking force. The body and extended median fins, if held straight, deliver not more than about 15 %. So the curvature of the body and extended median fins is responsible for more than half of the braking force.
The maximum power output of the abductor muscles of the pectoral fins during braking is discussed. From data in the literature it is assumed to be about 20 W kg-1 of muscle. The maximum velocity at which the fish can fully extend their pectoral fins in vertical position then will be about 0.5 L-2/3s-1 (L = body length). This is very low in comparison to maximum speeds (10 to 15 body lengths s-1). It could explain why a fully extended vertical position of the pectoral fins is not seen in the films.
The surface drag coefficient of the braking fish at the instants of highest deceleration had values of 0.095 up to 0.428, about 8 to 36 times higher than for coasting cod, 1.5 to 7 times higher than for steady swimming cod and of about the same magnitude as for cod in the 'kick' phase of swimming.
The morphology of the pectoral fin shows aspects limiting individual movements of the rays relative to each other: a firm connection between the proximal parts of the rays and the fibrocartilage pad, especially in mackerel, lamellae on the lateral hemitrichia pointing between the hemitrichia of the successive rays in cod and saithe, the tendency to a more collective insertion of the muscles on the rays and the situation that the muscles are hardly subdivided in bundles to individual rays. Also the movability of the proximal radials is restricted. In mackerel ligaments are present, blocking the abduction of the rays beyond a certain limit. No clear indications were found that the pectoral fins are adapted to deliver great braking forces. In mackerel the ratio of the weight of abductor to adductor muscles is about 2, in cod and saithe about 1, but the weight of the abductor muscles relative to the body weight is not significantly greater in mackerel than in cod and saithe. Backward movements of the pectoral fins, as e.g. in manoeuvring, will play a more important role in cod and saithe than in mackerel.
From the kinematic, dynamic and anatomical data it can be concluded, that the role of the pectoral fins in braking is rectricted and confined to rather low speeds.
INTRODUCTION
The propulsion of fish has been the subject of several studies. Little attention has been paid to the process of braking. HARRIS (1938) described how the action of the pectoral fins is combined with that of the pelvic fins. VIDELER (1981) illustrated the S-shaped curve of the body and tail fin and the curvature of the dorsal and anal fins in cod. The tail fin can serve as a 'sea anchor' when kept in an extreme laterally curved posture (BREDER, 1926) . In small fish braking sometimes occurs with the aid of puffs of water out of the mouth (MCCUTCHEN, 1977) .
The use of the pectoral fins during braking is conspicuous. In e.g. cod they are held out vertical at right angles to the body, their surface facing the water flow (VIDELER, 1981) . There are no kinematic nor dynamic data in the literature about the role of the pectoral fins during braking. This constrasts to the attention given to their role in propulsion (BREDER & EDGERTON, 1942; WEBB, 1973; BLAKE, 1976 BLAKE, , 1979 BLAKE, , 1980 GEERLINK, 1983) .
The relation between the internal structure and the propulsive movements of the pectoral fins has been described for two labrid species (GEERLINK, in prep.) . A similar description is needed for fish using their pectorals for braking. If great forces are working on the pectoral fins, considerable anatomical adaptations should be expected. In this paper film sequences of the braking process are studied of three fast swimming species: mackerel, cod and saithe. The majority of the available sequences showed apparent changes of the direction of movement, probably caused by differences in drag of the left and right pectoral fin. Only film sequences of voluntary straightforward braking, approximately without a change of direction, have been analysed. The actions of the pectoral fins and the body are described. Braking kinematics include the rate of deceleration from different initial velocities. Braking forces and the possible contribution of the pectoral fins are calculated.
The maximum velocity at which the pectoral fins can be held out vertical at right angles to the body will be estimated.
Possible adaptations of the pectoral fins to braking are described and discussed.
MATERIALS AND METHODS

Cinematography
Fish trained to swim between two feeding points in a 14 m long tank at the Marine Laboratory in Aberdeen were filmed from above with a 16 mm high-speed cinecamera (Red Lake, Locam). The ambient light level in the tank was low and the fish were not forced to brake. See for details VIDELER & WARDLE, 1978, and VIDELER, 
